Heat transfer and pressure drop, are experimentally recorded for flow boiling water in a single 706 µm circular copper channel 158.75 mm long. Heat is supplied by heat transfer oil at specified temperatures to a helical channel in the test section. In contrast to other current experimental techniques for flow boiling in small diameter tubes, a uniform temperature boundary condition is employed rather than a constant heat flux condition.
INTRODUCTION
Heat transfer to a fluid in a small channel is under rigorous investigation in literature as well as in industry. Since convective heat transfer coefficients are inversely proportional to hydraulic diameter under laminar flow for a constant heat rate, smaller channels are capable of higher heat transfer coefficients and ultimately are capable of greatly reducing the resistance to heat flow in compact heat exchangers. Mini-and micro-channels, commonly having hydraulic diameters of 3 mm or l ess, are useful not just in compact heat exchangers, but also in electronic cooling applications and fuel cells.
Currently in literature, experiments done to evaluate minichannel heat transfer performance commonly utilize electric heating to provide a heat flux. The main disadvantage of this heating method is that surface temperatures cannot be closely controlled. The heating element is provided a voltage and current and outputs a constant heat rate to the test section. In a test section where flow boiling is present, the surface temperature of the channel will vary with axial location especially under CHF conditions. The current work utilizes heat transfer oil as the source of heat. This method ensures a nearly constant temperature along the test section. Since the boiling phenomenon depends on surface temperature, this method will help to further understand the boiling characteristics of minichannels.
OBJECTIVES
The objectives of the present work are to explore the time averaged heat flux and time dependent pressure drop oscillations experimentally in a minichannel utilizing a constant temperature boundary condition.
EXPERIMENTAL SETUP
The experimental setup consists of an oil loop, water loop, coolant supplies, and a data acquisition system. A schematic of the oil, water, and coolant systems is presented in Figure 1 , with definitions of the symbols used in Figure 2 .
Oil supply loop
The oil supply system is shown around the shaded section in Figure 1 . The purpose of the oil loop is to provide heated oil (Paratherm OR heat transfer fluid) at a specified temperature and flow rate. Beginning with the gear pump (positive displacement rotary type pump), oil then flows through a filter and preheating heat exchanger. An immersion heater provides heating for t he oil, controlled electronically based on the oil temperature after the heater, denoted TCA on Figure 1 . The oil flows through the test section and transfers heat to the process water. Since the oil is typically delivered at a high flow rate such that the test section oil inlet and outlet temperatures differ by no more than 5°C to obtain a reasonably uniform test section temperature (this is the smallest oil temperature drop possible at hi water mass fluxes due to system physical limitations), there is a l arge amount of waste heat leaving the test section with the oil, which is transferred in the preheating heat exchanger to the cold oil from the pump to reduce this waste. After passing through the hot side of the preheating heat exchanger, an expansion tank allows for the expansion of oil in the system when at an elevated temperature and various control valves allow the flow rate to be controlled.
Instrumentation in the oil loop includes flow rate measurement by a positive displacement flow meter located just downstream of the pump, several thermocouples, and three pressure gages. In Figure 1 the thermocouples are labeled: TC1 gives the oil temperature just downstream of the pump, TC2 gives the preheated oil temperature, TC4 gives the test section oil inlet temperature, TC18 gives the test section oil outlet temperature, and TC3 gives the oil temperature downstream of the oil preheater waste heat side. Pressure gages are upstream of the pump, downstream of the pump, and downstream of the filter.
Coolant to t he oil loop is provided by tap water at a controlled and measured flow rate. The oil coolant water inlet temperature is measured at TC5 in Figure 1 , and the outlet is measured at TC6.
Process water supply loop
The water system, also shown in Figure 1 , is designed to provide a flow of degassed distilled water to the test section (this procedure is detailed in Kandlikar et al. (2002) and in Campbell (2003) ) at a specified flow rate and to allow instrumentation to determine heat transferred to the water. The water reservoir consists of a pressure cooker heated by a hot plate operating at 117 kPa of gage pressure. The water flows through a heat exchanger to be cooled to nearly room temperature. The water flow rate is controlled by a valve before passing through a centrifugal pump. The process water then flows through the test section, a mixing condenser, and is finally drained. Measurements taken in the process water supply loop include (see Figure 1 ): boiler outlet temperature TC13, test section process water i nlet temperature TC14, test section process water outlet temperature TC15, mixer cold water inlet temperature TC16, mixer outlet temperature TC17, process water flow rate, test section process water absolute pressure, and test section differential pressure. To measure the latent heat absorbed, the water is condensed in a mixer with cool tap water. Tap water inlet temperature and flow rate are measured, and the mixed flow outlet temperature is measured.
Test Section
The test section is a counter flow two-phase heat exchanger with a single-phase oil flow though an outer helical channel and two-phase water flow through a circular minichannel through the axis. Oil flow provides a nearly constant surface temperature for the minichannel.
The test section, shown i n Figure 3 , consists of a 6.35x6.35 mm square cross section helical oil channel and a straight 706 µm diameter round process water minichannel with end caps to provide sealing for the oil and water inlets and outlets. The test section is instrumented with six thermocouples, three at each of two radial locations along the axis of the minichannel. A helical oil channel is used to provide sufficient surface area for heat transfer, since the single phase convective heat transfer of the oil side is expected to be much smaller than the boiling heat transfer in the minichannel.
The apparatus is made entirely of copper 145 (Tellurium copper), an easily machined alloy of copper with very similar thermal characteristics to pure copper. The high thermal conductivity of the test section allows for maximum heat transfer between the oil and water and ensures an even radial temperature distribution. The helical channel was cut with a CNC lathe, and the minichannel was plunge EDM drilled. EDM machining allowed a very deep small diameter hole to be drilled that cannot be obtained through traditional machining techniques. Also, EDM machining provides a good surface finish. 
EXPERIMENTAL ACCURACY
Experimental accuracy for measured quantities follow: temperature readings are accurate to ±0.1°C due to calibration, water flow rates are accurate to ±3% of reading, oil flow is accurate to ±5% of reading, the minichannel diameter is 0.706±0.007 mm, the minichannel length is 158.75±0.05 mm, all other length measurements are accurate to ±0.05 mm.
DATA COLLECTION
Steady flow of the process water, coolant streams, and oil are obtained at a predetermined oil temperature. Once steady operation is reached, data acquisition takes place for at least three minutes at a rate of one reading every 5 seconds. A second set of data is then taken at 0.1 second intervals for 30 seconds to capture the time history of pressure drop. To move on to the next data point, the oil temperature controller is set to a new predetermined temperature and the system is allowed to again return to steady operation.
DATA ANALYSIS
Data required for analysis in the present work include (see Figure 1) An energy balance on the mixer allows the determination of the test section outlet vapor mass fraction (quality, x) . Equation (2) shows the expansion of the energy balance for the specific variables in the present work.
In Equation (2) , h f is the saturated fluid enthalpy, and h fg is the phase change enthalpy. Note that Equation (2) utilizes the assumption that the enthalpy of subcooled water is approximately equal to the saturated liquid enthalpy. All enthalpy values were obtained through interpolation of the tables given by Saad (1997) . Rearranging Equation (2), the test section exit quality is given by Equation (3).
( )
Once the test section outlet quality is known, a heat balance on the test section provides the heat transferred to the water as shown in Equation (4).
Since the minichannel in the present work is a circular tube, the appropriate form for the calculation of heat flux is given in Equation (5).
The underlying assumption in Equations (1)- (4) is that no losses occur between the test section and the mixer outlet. To verify these calculations, a heat balance on the test section is done under steady state conditions for singlephase flow. In the case of single-phase flow, the heat gained by water in the test section can be calculated directly as well as by using Equations (1)-(4). The heat balance required for the verification is given below in Equation (6).
The results of this verification yielded an agreement between test section and mixer heat balances within 2.3%. It should be noted that the use of Equation (3) gives an equilibrium quality that can be used reliably to calculate heat rates, although a subcooled test section outlet flow will result in a negative equilibrium quality. Another consequence of using Equation (3) if the test section outlet flow consists of some superheated vapor with entrained water droplets, a quality of 100% or higher may result.
Due to the high thermal conductivity of the copper test section and the use of high oil flow rates, the axial temperature distribution has very little temperature variation for the data presented in the present work. Although the test section thermocouple probes were placed at two different radii from the minichannel, the data shows very little temperature difference radially between the oil channel and the water channel. This results in an inability to determine the occurrence of any local phenomena using the current setup. Consequently, the surface temperature ( T s ) is calculated by taking the average of the test section thermocouple readings.
Excess temperature, also called wall superheat, is defined in the present work as the minichannel wall temperature in excess of the water saturation temperature and is calculated as shown in Equation (7). The saturation temperatures used in the presentation of data in this work are interpolated from tables provided by Saad (1997) at the channel mean pressure. One difficulty in quantifying minichannel boiling phenomena is that due to the large pressure drops in these channels during boiling, the saturation temperature decreases significantly from the minichannel inlet to the outlet. The most extreme case encountered in the present work is an inlet pressure of 230.5 kPa (gage) and an outlet pressure of 0 kPa (gage), corresponding to an inlet saturation temperature of 137°C and an outlet saturation temperature of 100°C. To alleviate this difficulty, the saturation temperature used in this work to define excess temperature is found at the mean pressure between the minichannel inlet and outlet. 
Signal analysis is done using Matlab software. The Fast Fourier Transform, FFT, is used to get information in the frequency domain from the available time domain data. The standard form for the transform (discreet Fourier Transform) for engineering applications is presented in Equation (8).
Note that the nomenclature of Equation (8) differs from that of the present work: N represents the number of data points, n is the time domain incrementing index (n=0,1,2,…,N-1), x(n) is the value of the data point in the time domain, k represents the exponential signals and has the values k=0,1,2,…,N-1, j indicates a comp lex number and is equivalent to 1 − , and c k are the complex values of the Fourier coefficients. The magnitude of the Fourier coefficients represents the amplitude of the frequency components, and the phase of the coefficients represents the phase of the frequency components. To avoid aliasing, frequency domain information above the Nyquist frequency will be ignored. The Nyquist frequency is defined as twice the sampling frequency.
RESULTS
Figures 4-6 illustrate the data obtained by holding the process water mass flux to 101 kg/m 2 s while surface temperature and the resultant surface excess temperature is changed between data points by raising the oil temperature. Figure 6 shows an interesting trend for pressure drop in post-maximum heat flux conditions; for pre-maximum heat flux conditions the pressure drop increases with increasing surface excess temperature until a maximum is reached at dryout, then the pressure drop decreases with increasing excess temperature for post-maximum heat flux conditions. Presumably this decrease in pressure drop in post-maximum heat flux conditions is a result of reduced bubble activity due to complete evaporation.
Figures 7-21 show the pressure drop as a function of time, taken at a rate of one point every 0.1 seconds. It is interesting to note the differences in the time dependent pressure drop fluctuations as surface temperature is increased at a constant mass flux. Each data set was taken when the system had reached steady operation in terms of temperatures since boiling phenomena will always involve time dependent pressure drop behavior. Referring to Figure 6 , the time averaged differential pressure increases with increased excess temperature to a maximum then decreases with increased temperature. The increasing average pressure drop trend corresponds to Figures 7 through 17. Figure 7 shows that at a low surface temperature (below the inlet saturation temperature), the single-phase pressure drop is very small (1.1 kPa) and has no discernable fluctuation with time. As surface temperature is increased, however, Figure 2 shows that nucleation as a result of increased surface excess temperature causes not only an increase in the average value but also causes fluctuations in the pressure drop. As surface temp erature is raised again, Figures 9, 10, and 11 show small increases in time averaged differential pressure but no significant change in the amplitude or frequency of differential pressure fluctuations, indicating that the two-phase flow regime remains constant through this range of surface temperatures.
In Figure 12 , however, a significant change in the differential pressure fluctuation signature appears. The frequency of oscillations appears to decrease at this higher surface temperature while the amplitude increases significantly. Perhaps this change marks the transition from nucleate and free convection boiling to periodic slug flow. As the surface temperature is increased further, illustrated by Figures 13-15 , the frequency and amplitude of the pressure signature appear to increase as a result of more violent bubble and slug interaction as the heat flux increases toward dryout at higher surface temperatures.
Again in Figure 16 a notable change in the differential pressure signature is observed as the fluctuations appear to become less chaotic yet much larger in amplitude. Figure 17 shows the differential pressure fluctuations obtained at dryout. The time averaged pressure drop for this experiment was the highest recorded during these experiments.
As the surface temperature increases for Figure 22 shows that the dominant frequency identified by examining the magnitudes of the Fourier coefficients decreases with increased surface temperature then becomes nearly constant, with notable scatter, at high surface temperatures. Since the maximum frequency that can be resolved for this data is 5 Hz, it is expected that nearly all of the bubble growth and departure frequencies are not detected. The decreasing frequency in Figure 22 may indicate the development of slug flow, which would have a low frequency compared to bubble growth and departure. Figure 23 shows that the magnitude of the Fourier coefficients at the dominant frequency increases with increasing surface temperature until the surface temperature becomes very high. At high surface temperatures, the magnitude of the Fourier coeffic ients decreases with increased surface temperature. Note that the magnitude of the Fourier coefficients begins to decrease at a higher surface temperature than the temperature where dryout was observed (see Figure 6 ). Figure 24 shows the peak-to-peak pressure variation from the time history of pressure. At low surface temperatures the peak-to-peak pressure variation is constant, indicating a single boiling regime is present-presumably nucleate boiling. As surface temperature is increased further, the peak-to-peak pressure variation increases nearly linearly with surface temperature up to the temperature at which dryout was observed. At higher surface temperatures the peak-to-peak pressure variation becomes nearly constant as surface temperature is varied, indicating that the boiling regime does not change with increased surface temperature at these elevated temperatures.
CONCLUSIONS
An analysis of the experimental data related to pressure drop and heat transfer is presented in the present work. The main contributions of the present work include the heat transfer characterization of a single channel minichannel heat exchanger utilizing a uniform axial surface temperature and the analysis of pressure variations in a minichannel during flow boiling. These results add to the body of available information to help explain the phenomena of flow boiling heat transfer and pressure drop in minichannels using a constant temperature heat source, a previously unexplored heating method for this type of experimental work.
The following conclusions are drawn for a 706 µm circular channel 158.75 mm long with a uniform temperature surface and a subcooled inlet condition.
1. Heat flux increases with wall superheat until dryout begins; once dryout occurs, an increase in wall superheat has little or no effect on heat flux. 2.
Exit quality (exit vapor mass fraction) increases with wall superheat until dryout begins; once dryout occurs, an increase in wall superheat has no effect on heat flux and the exit equilibrium quality remains constant at 100% or above, indicating some superheating.
3.
Pressure drop through the channel is nearly constant for dryout conditions. In the case of twophase boiling with a wet outlet condition (quality is less than 100%), the pressure drop increases with wall superheat.
4.
The dominant frequency of the time history of pressure drop decreases as the surface temperature increases until dryout. Once dryout occurs, the dominant frequency may be constant, but significant scatter exists in the data. 5.
The magnitude of the Fourier coefficients of the time history of pressure drop increase with surface temperature, indicating a higher sinusoidal amplitude, until dryout is reached. Once dryout has occurred, increasing surface temperature results in a decreasing magnitude. 6.
The peak-to-peak pressure variation is constant for low surface temperatures (indicating nucleate boiling is the only regime present), then increases with surface temperature (indicating slug flow development and rapid bubble growth and departure), and for surface temperatures where dryout is present the peakto-peak variation is again constant for increased surface temperature. 
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